Introduction {#s1}
============

Ischemia reperfusion injury (IRI), one of the major causes of post-operative renal allograft complications, is inevitable during transplantation ([@B1], [@B2]). It has been reported that IRI may cause acute renal failure and delayed graft function, thereby impairing long-term survival of the graft and recovery in post-transplantation ([@B3]--[@B5]). Therefore, understanding the pathogenesis may assist scholars to present new strategies to prevent IRI after renal transplantation.

Mesenchymal stem cells (MSCs) have been found to exert several biological functions, such as repairing tissue damage, suppressing inflammatory responses, and modulating the immune system ([@B6], [@B7]). They may protect acute kidney injury (AKI) induced by cisplatin, glycerol, and IRI in rats, however, the underlying mechanism has still remained elusive. Accumulating evidence supported that MSCs act in a paracrine manner ([@B8]). Therefore, the biological factors in conditioned medium, including exosomes and soluble factors, derived from MSCs have been extensively studied in recent years. Exosomes were reported to activate signaling pathways by binding to receptors ([@B9]--[@B11]). Compared with MSCs, exosomes are more stable and reservable, have no risk of aneuploidy, with lower possibility of immune rejection following allogeneic administration, and may provide alternative therapies for a variety of diseases ([@B12]). A previous study demonstrated that exosomes from MSC can reduce remnant kidney fibrosis in a 5/6 subtotal nephrectomy mice model ([@B13]). Furthermore, it has been revealed that infusing exosomes from MSC reduce the expression levels of 8- hydroxy-2′ -deoxyguanosine (8-OHdG), malonaldehyde (MDA), Bax, and caspase-3 in a cis-platinum-induced AKI mouse model ([@B14]). However, to date, the underlying mechanism of MSC-derived exosomes on renoprotection of IRI has remained obscure. Thus, the present study aimed to identify the protective effects and mechanism of MSC-ex on renal IRI.

Nuclear factor kappa B (NF-κB) is a family of dimeric transcription factors that participate in inflammatory responses, innate and adaptive immunity during kidney transplantation ([@B15]--[@B17]). It has been reported that MSCs can protect tissues against injury by regulating the activation of NF-κB. In the present research, we demonstrated that: (1) MSC-ex mitigated IRI-induced renal structural injury and improved renal function in rats; (2) the renoprotection of MSC-ex is due to downregulation of inflammatory factors and suppressing NF-κB signaling pathway.

Materials and Methods {#s2}
=====================

Animals
-------

Male Sprague-Dawley (SD) rats (weight, 200--250 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China), and housed in temperature-controlled, SPF condition with free access to food and water. Animals were fasted for 1 day prior to surgery. All animal procedures were performed in accordance with the guidelines of the bioethics, and the study was approved by the Ethics Committee of Zhongshan Hospital Affiliated to Fudan University (Shanghai, China).

Separation, Cultivation, and Authentication of MSCs
---------------------------------------------------

The SD-MSC line RASMX-01001 was purchased from Cyagen Biosciences (Guangzhou, China). Cells were cultured at 37°C with 5% CO~2~ under humidity conditions.

Extraction and Authentication of Exosomes
-----------------------------------------

MSCs were cultivated overnight without serum according to the instructions of Total Exosome Isolation Reagent (Thermo Fisher Scientific, Waltham, MA, USA). Then, culture fluid was collected, and centrifuged at 2,000 g for 30 min at 4°C. The Total Exosome Isolation Reagent was added and mixed thoroughly, and the liquid was stored at 4°C overnight. The liquid was then centrifuged at 1,000 g for 60 min at 4°C, and supernatant was removed, and the exosomes were left at the bottom of the centrifuge tubes. Phosphate-buffered saline (PBS) was used to re-suspend exosomes, which was diluted to 100 μg/ml, and stored at −80°C until further analysis. The isolated exosomes were identified by transmission electron microscopy (TEM) ([Supplementary Image 1](#SM1){ref-type="supplementary-material"}) and detected by flow cytometry ([Supplementary Image 2](#SM2){ref-type="supplementary-material"}).

An *in vivo* Model of Renal IRI
-------------------------------

SD rats were anesthetized by intraperitoneal injection of pentobarbital at 0.1 g/kg. All rats were divided into five groups: sham-operated group, IR group, IR + MSC group (IR + MSC, 2 ^\*^10^6^ MSC/1 ml PBS), IR + MSC-ex group (exosome 100 μg/ml in PBS), and IR + MSC-ex + RNAase (exosome 100 μg/ml in PBS). Renal IRI was induced by clamping the left renal artery via a median abdominal incision for 45 min, plus a right nephrectomy. Following clamp removal, adequate restoration of blood flow was made before abdominal closure and the right kidney was removed. The left carotid artery was separated by para-tracheal incision using a 24G arteriovenous puncture needle to make the carotid puncture. Sham-operated animals underwent the same surgical procedure without clamping. The MSCs (1.5 × 10^5^ cells in PBS), exosomes (30 μg in PBS) or RNAase were given via carotid artery 1 h after I/R.

Assessment of Renal Function
----------------------------

Whole blood was centrifuged at 1,600 g for 25 min at 4°C to obtain serum. An auto biochemistry instrument was used to measure the levels of serum creatinine (SCr) and blood urea nitrogen (BUN).

Histological Assessment
-----------------------

Hematoxylin and eosin (H&E) staining was performed to assess histological injury. The tissue sections were blind-labeled and reviewed by two pathologists. Renal damage was graded based on the percentage of damaged tubules in the sample: 0 = normal kidney (no damage); 1 = minimal damage (\<25% damage); 2 = mild damage (25%−50% damage); 3 = moderate damage (50%−75% damage); 4 = severe damage (75%-100% damage); and 5 = extremely damaged (100% damage), as previously described. Injury included inflammatory cell infiltration, dilation of renal tubules, and interstitial edema. Scores of 1 or 2 represent mild injury, and scores of 3 or 4 and 5 represent moderate and severe injuries, respectively. The scores are the average of two reads.

Detection of Apoptosis
----------------------

The terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was used to detect apoptotic cells according to the manufacturer\'s instructions. Apoptotic cells were examined at 400× magnification over 20 fields of tubular areas.

Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was extracted from rat kidneys by TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Total RNA (3--5 μg) was transcribed into cDNA by Superscript II reverse transcriptase and random primer oligonucleotides. Our gene-specific primers, such as interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), NF-κB, and interferon gamma (IFN-γ), are presented in [Table 1](#T1){ref-type="table"}.

###### 

Sequences of gene-specific primers used in RT-qPCR.

  ------- --------- -------------------------------
  IL-6    Forward   5′-CGAGCCCACCAGGAACGAAAGTC-3′
          Reverse   5′-CTGGCTGGAAGTCTCTTGCGGAG-3′
  TNF-α   Forward   5′ -CCTTATCTACTCCCAGGTTCTC-3′
          Reverse   5′-AGGGGCCATCCACAGTCTTC-3′
  NF-κB   Forward   5′-TGTCCATGCAGCTTCGGCGG-3′
          Reverse   5′-GGCCGGGGTTCAGTTGGTCC-3′
  IFN-γ   Forward   5′-AAAGACAACCAGGCCATCAG-3′
          Reverse   5′-CTTTTCCGCTTCCTTAGGCT-3′
  ------- --------- -------------------------------

Western Blot Analysis
---------------------

Renal tissue homogenates were prepared, and the supernatant was maintained at 4°C. Besides, 30 μg protein from each sample was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto polyvinylidene fluoride (PVDF) membranes. The primary antibodies, including anti-cleaved caspase-3 (Cell Signaling Technology, Inc., Danvers, MA, USA), anti-NF-κB (Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p-NF-κB (Cell Signaling Technology, Inc., Danvers, MA, USA), anti-IκB (Cell Signaling Technology, Inc., Danvers, MA, USA), and anti-p-IκB (Cell Signaling Technology, Inc., Danvers, MA, USA) were added and incubated at 4°C overnight, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature. Immunoreactive bands were visualized using ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, USA). For the loading control, the same membranes were simultaneously probed with anti-GAPDH (Abcam, Cambridge, UK). The signals were quantified by scanning densitometry using a Bio-Image Analysis System. Relative protein expression was subsequently quantitated by normalizing to GAPDH levels using the Image-Pro plus 6.0 software.

Statistical Analysis
--------------------

Data were expressed as mean ± standard deviation (SD), and statistical analysis was performed by Student\'s *t*-test or one-way analysis of variance (ANOVA) with *post-hoc* Student-Newman-Keuls test. *P* \< 0.05 was considered statistically significant.

Results {#s3}
=======

Exosomes Attenuated Renal Dysfunction, Histologic Damage, and Decreased Apoptosis
---------------------------------------------------------------------------------

To evaluate the renoprotective effects of exosomes from MSCs, we analyzed two indicators of renal function, including BUN and SCr. Rats underwent renal IRI showed significant increase in the levels of SCr (482 ± 37 vs. 86 ± 24 μmol/L) and BUN (45.42 ± 2.73 vs. 7.13 ± 0.74 mmol/L) compared with the sham-operated group. Additionally, MSC treatment and MSC-ex treatment decreased the levels of SCr (148 ± 16 μmol/L; 231 ± 30 μmol/L) and BUN (20.49 ± 5.70 mmol/L; 31.36 ± 5.53 mmol/L), while this protective effect was not observed in the MSC-ex + RNAase group ([Figure 1C](#F1){ref-type="fig"}).

![MSCs and exosomes ameliorated renal IRI. **(A)** Representative images of HE and TUNEL staining methods in rat kidneys with administration of MSC, MSC-ex, and MSC-ex+RNAase after IR. Images were captured at x 200× magnification, scale bar = 10 μm. The levels of SCr and BUN were measured using the peripheral blood automatic biochemical analyzer. **(B)** Shows scores of HE staining and the number of TUNEL positive cells. Histopathological grading of tissue injury was assessed using the 0- to 4-point scoring system. **(C)** The levels of SCr and BUN were measured using the peripheral blood automatic biochemical analyzer. ^\*\*\*^*P* \< 0.001, *n* = 6.](fmed-06-00269-g0001){#F1}

Moreover, H&E and TUNEL staining methods were performed to assess the degree of renal injury and tissue apoptosis in each treatment group. The 0- to 4-point scoring system was used to evaluate tissue injury. The results demonstrated that rats that underwent renal IRI had tissue injury, increased inflammatory cell infiltration, and larger areas of tubular necrosis, vacuolization and cast formation. Rats treated with MSC and MSC-ex experienced significant attenuation of pathological damage in kidney, while no significant therapeutic effect was found on rats in MSC-ex + RNAase group ([Figures 1A,B](#F1){ref-type="fig"}).

TUNEL staining demonstrated that cell apoptosis was increased after IRI. In addition, treatment with MSC and MSC-ex remarkably decreased cell apoptosis, while no significant decrease was observed in the MSC-ex + RNAase group ([Figures 1A,B](#F1){ref-type="fig"}).

Exosomes Alleviated Inflammatory Responses by Reducing the Levels of TNF-α, NF-κB, IFN-γ, and IL-6
--------------------------------------------------------------------------------------------------

To detect the anti-inflammatory function of exosomes, we further assessed the mRNA level of inflammatory cytokines and transcription factors. Results showed that mRNA levels of TNF-α, NF-κB, IFN-γ, and IL-6 were significantly increased in IRI, while those levels were reduced after undergoing MSC and MSC-ex. The MSC-ex+RNAase had no significant effect. The result suggested that MSC-ex may have a protective role in IRI through suppressing inflammation ([Figure 2](#F2){ref-type="fig"}).

![MSCs and exosomes from MSCs decreased proinflammatory Total RNA was extracted from renal tissue 48 h after IR, and then reversely transcribed into cDNA. Treatment with MSCs or MSC-ex reduced the mRNA levels of TNF-α, NF-κB, IFN-γ, and IL-6, while MSC-ex + RNAase had no influence, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, *n* = 6.](fmed-06-00269-g0002){#F2}

Exosomes Inhibited NF-κB Signaling Pathway and Inflammatory Response
--------------------------------------------------------------------

It has been reported that activation and translocation of NF-κB can be involved in pro-inflammatory responses. Therefore, we detected the levels of phosphorylated NF-κB and IκB in renal tissue of rats in each group. The results revealed that protein levels of p-NF-κB and p-IκB were increased after renal IR. On the contrary, the level of IκB, which is an inhibitor of NF-κB, was decreased after IR, and the expression of NF-κB did not remarkably change. Both MSC and MSC-ex inhibited IR-induced increase of p-NF-κB, p-IκB and decrease of IκB. The expression levels of NF-κB, IκB, p-IκB, and p-NF-κB in IR + MSC-ex + RNAase group were similar to those of IRI ([Figure 3](#F3){ref-type="fig"}).

![MSC and exosomes from MSC inhibited the NF-κB signaling pathway by decreasing expression levels of p-NF-κB and p-IκB, and increasing expression level of IκB. **(A)** Representative images show the protein levels of IκB, p-IκB, NF-κB, and p-NF-κB. **(B)** The expression levels of IκB, p-IκB, NF-κB, and p-NF-κB were normalized to β-actin levels within the same sample. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, *n* = 6.](fmed-06-00269-g0003){#F3}

Exosomes Inhibited Activation of Caspase-3 and Cell Apoptosis Caused by IRI
---------------------------------------------------------------------------

As demonstrated earlier, cell apoptosis increased after IRI. Additionally, treatment with MSC and MSC-ex significantly decreased the number of apoptotic cells ([Figures 1A,B](#F1){ref-type="fig"}). In the subsequent experiment, we examined the expression levels of apoptosis-related proteins, such as caspase-9, Bax, and cleaved caspase-3 to further verify the anti-apoptotic effects of MSC and exosomes from MSC. Results showed that both of them notably inhibited the expression levels of caspase-9 in kidneys after IRI, as well as cleaved caspase-3, compared with the IRI group. However, MSC and exosomes from MSC downregulated the expression levels of the pro-apoptotic proteins (caspase-9, cleaved caspase-3, and Bax), while upregulated the expression level of the anti-apoptotic protein, Bcl-2, indicating that both of them inhibited IR-induced apoptosis. Furthermore, the expression levels of caspase-9, Bax, and cleaved caspase-3 were slightly higher, whereas the expression level of Bcl-2 was lower in the MSC-ex group compared with the MSC group. The expression levels of these proteins were similar in the IR + MSC-ex + RNAase group and IRI group ([Figure 4](#F4){ref-type="fig"}).

![MSC and exosomes from MSC reduced apoptosis by inhibiting expression levels of caspase-9, cleaved caspase-3, and Bax, and increasing expression level of Bcl-2. **(A)** Representative images show the protein levels of caspase-9, Bax, Bcl-2, and cleaved caspase-3. **(B)** The expression levels of caspase-9, Bax, Bcl-2, and cleaved caspase-3 were normalized to β-actin levels within the same sample. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, *n* = 6.](fmed-06-00269-g0004){#F4}

Discussion {#s4}
==========

A previous study demonstrated that MSCs can repair IR-induced AKI ([@B18], [@B19]). MSCs have shown promising effects in experimental models of AKI and CKD, and have been used in clinical practice for more than one decade. The regenerative effects of MSCs do not rely on their ability to differentiate and replace damaged tissue, while those effects are primarily mediated by the release of paracrine factors ([@B20]). Therefore, we hypothesized that MSCs affect AKI rats via paracrine network.

In the immune system, exosomes have been demonstrated to play a pivotal role in mediating both adaptive and innate immune responses, thereby participating in antigen presentation associated with MHC-II and MHC-I molecules ([@B9], [@B21]). It has been suggested that aggregation of MSCs, which could differentiate into renal tubular epithelial cells, is directly involved in the repair and reconstruction of renal tubules mediated by chemotaxis, with homing ability in injured kidneys ([@B22], [@B23]). In the present studys, we detected protective effect of MSCs and MSC-ex on renal IRI, respectively. The results confirmed that MSCs and MSC-ex could alleviate tissue injuries and apoptosis after IRI. We found that treatment with MSC and MSC-ex significantly attenuated pathological damage to the kidney. To investigate the specific mechanism, we examined the expression levels of associated pro-inflammatory and transcription factors. The mRNA levels of TNF-α, NF-κB, IFN-γ, and IL-6 were noticeably after undergoing MSC and MSC-ex, suggesting that MSCs and exosomes could inhibit the inflammatory response in renal IRI ([Figure 2](#F2){ref-type="fig"}). TNF-α has been deemed to play a substantial factor in the inflammatory cascade and systemic inflammatory response ([@B24]), resulting in aggravation of renal IRI.

NF-κB can be activated in kidney cells during IRI, and is highly involved in immune responses ([@B17], [@B25]--[@B27]). It is activated through phosphorylation of IκB, followed by proteasome-mediated degradation. Accordingly, we tested the expression levels of NF-κB, IκB, p-NF-κB, and p-IκB ([@B15], [@B17], [@B25], [@B26]). In the current research, it was unveiled that the expression levels of p-NF-κB and p-IκB were decreased after undergoing MSC and MSC-ex, while the expression level of IκB was increased. However, in the MSC-ex + RNAase group, the expression levels of NF -κB, IκB, p- NF-κb, and p- IκB were similar to those in the IR group. These results suggest that both MSC and MSC-ex can inhibit NF-κB activation after IRI, and RNA hydrolase can eliminate the effects of MSC-ex.

Apoptosis is a marker of severe tissue injury in IRI. We, in the present study, observed significant reduction of apoptotic cells in the IR + MSC-ex group compared with the IR group, providing further evidence for protective effects of MSC-ex on renal IRI. Cleaved caspase-3 plays a significant role in the downstream signaling pathway. During the renal IRI, Bax/Bcl-2 ratio could be upregulated to activate mitochondria-mediated apoptosis and release intracellular cytochrome C ([@B28]--[@B30]). In the present study, we found that MSCs and exosomes inhibited the expression levels of cleaved caspase-3, caspase-9 and Bax, and upregulated expression level of Bcl-2, confirming the effects of MSCs and exosomes on mitochondria-mediated apoptosis ([Figure 4](#F4){ref-type="fig"}). However, we also observed that exosomes alone were not as effective as MSCs, suggesting that exosomes may be the main effector of MSCs on anti-inflammatory function. MSCs may be able to exert protective effect through other mechanisms, such as releasing cytokines.

Taken together, the results of this study demonstrate that exosomes originating from MSCs have protective effects on IRI via inhibition of apoptosis and inflammatory response, in which NF-κB signaling pathway may play a key role.
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The identification of isolated exosomes by TEM.
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The exosomal protein CD63 was verified by flow.
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